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Introduction
　Bone diseases, external injury, and tumor exci-
sion cause extensive and large defects for which 
reconstructive surgery should generally be per-
formed.  In recent clinical practice, reconstruction 
frequently makes use of autologous bone as a com-
ponent.  In addition to techniques that combine 
biomedical materials such as titanium and its 
alloys, calciﬁed tissue engineering techniques 
including ceramics containing hydroxyapatite and 
functional proteins with bone regeneration capac-
ity have also been used in reconstructive surgery. 
Such marked progress in regeneration technology 
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Abstract : Recently, signiﬁcant progress has been made in medical techniques for regenerating 
bone.  However, bone evaluation techniques generally assess bone quantity as opposed to bone 
quality.  The use of c-axis crystallite orientation of biological apatite (BAp) as a bone quality index 
has recently generated great interest.  BAp demonstrates strong crystallographic anisotropy, and 
preferential alignment of BAp in each bone varies depending on the shape and stress conditions in 
vivo.  In the mandible, complicated bone shape and stress conditions in vivo might be associated 
with both bone quantity and quality.  In this study, we aimed to elucidate changes in the bone mi-
crostructure in the mandible using crystallographic orientation of BAp as a bone quality index.  
Using Crj : CD (SD) IGS female rats, we observed changes in the dentulous mandible during bone 
growth.  Measuring points on the mandible were determined based on its positional relationship 
with the teeth.  For analysis of bone quantity, the area and bone mineral density of cortical bone 
were evaluated using peripheral quantitative computed tomography (pQCT), while the orientation 
of the BAp c-axis, as analyzed by a micro-beam X-ray diffraction system, was used to assess bone 
quality.  The results of both bone quantity and quality assessments indicated that changes during 
bone growth varied depending on the presence of teeth.  We concluded that the microstructure (es-
pecially the texture) of BAp crystallite changes in correlation with variations in stress distribution 
in vivo resulting from changes in chewing conditions designed to optimize the dynamic chewing 
function.
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has enabled the rapid restoration of appearance in 
patients with extensive defects in biological tissue 
that were previously difﬁcult or impossible to cor-
rect using older techniques.  Recently, the goal of 
bone regeneration has shifted from restoration of 
appearance through macroscopic bone shaping to 
the restoration of the lost tissue microstructure 
and function using tissue-engineering techniques1. 
　There are numerous problems with techniques 
for assessing regenerated and newly formed bone, 
and results are often unsatisfactory.  In general, 
the most commonly utilized techniques are pri-
marily bone quantity indices.  This tendency is 
especially marked in clinical practice.  In nearly 
all clinical evaluations and diagnoses of bone, 
bone quantity assessment depends on methods 
such as radiographic imaging and computer 
tomography (CT) analysis.  Generally, evaluation 
of bone strength and its related functions has been 
closely associated with bone quantity, e.g., bone 
mineral density, bone mass, bone diameter, and 
circumferential length.  It has, however, been 
reported that bone strength is related not only to 
bone quantity but also to bone quality2. 
　It has recently been recognized that bone qual-
ity as well as bone quantity dominate bone 
strength3.  This was emphasized, for example, in a 
report on the risk of bone fractures in patients 
with osteoporosis4. These ﬁndings suggest that 
parameters independent of bone quantity, e.g., 
degradation of the microstructure, might be 
strongly correlated with bone strength3.
　Assessments using current techniques may not 
adequately evaluate bone quality and may lack an 
even balance between bone quality and quantity. 
Furthermore, the association between them has 
not been clariﬁed.  Therefore, the focus should be 
on new assessment techniques for bone quality 
focusing on the bone microstructure.  As pointed 
out in Wolff's law, the direction of elongated trabe-
culae is aligned in accordance with the principal 
stress loading direction, which is also related to 
the bone microstructure that sustains body 
weight.
　Bone is a composite tissue comprising organic 
collagen ﬁbrils and mineral biological apatite 
(BAp) crystals at the nano-scale level.  The struc-
ture of bone, in which BAp crystals are arranged 
around collagen ﬁbrils, is thus complicated5.  BAp 
possesses strong crystallographic anisotropy based 
on its hexagonal lattice (Fig. 1).  The c-axis of 
the BAp crystallite is parallel to the collagen 
ﬁbrils along the long axis.  This preferred align-
ment of BAp may dominate various functions of 
bone, such as its dynamic chewing function6,7.
　Previous studies reporting on diffraction of the 
microstructure have focused on the c-axis of BAp 
crystallites.  Neutron radiation of mandibles with-
out teeth has revealed that a predominant direc-
tion of BAp c-axis orientation exists between the 
edentulous mandibular bone and the direction of 
traction of the muscle adhering to the bone8.  A 
more recent detailed report analyzed the micro-
structure of the dentulous mandible by microbeam 
X-ray diffraction6,9.  The microbeam X-ray diffrac-
tion technique is utilized widely in the ﬁeld of 
materials science as an effective means of analyz-
ing crystalline metal materials.  According to a 
previous report6 in which microbeam X-ray dif-
fraction was utilized, the use of the crystallo-
graphic orientation of the BAp c-axis as a bone 
quality parameter is sensitively dependent on 
bone shape and stress distribution in vivo.  In the 
ulna and mandible, the c-axis of BAp is preferen-
tially arranged in a 1-dimensional orientation 
along the longitudinal axis and mesiodistal axis, 
respectively.  Moreover, in the mandible near the 
tooth crown, the direction of preferential align-
Fig. 1　Crystal structure of hydroxyapatite, Ca10(PO4)6(OH)2:  
Biological apatite (BAp) crystal has an analogous 
crystal structure to the hydroxyapatite and exhib-
its extremely strong crystallographic anisotropy 
along the c-axis based on its hexagonal ionic ar-
rangement.
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ment changes locally from the mesiodistal to the 
biting direction6.  Thus, the effect of localized 
stress distribution in vivo has been recognized, 
and it has been concluded that bone quality 
assessments based on the c-axis orientation of 
BAp are useful.
　In the present study, we analyzed the dentulous 
mandible by assessing bone quantity and quality 
during rat growth.  For bone quantity assessment, 
the sectional area of cortical bone and bone min-
eral density were determined by peripheral quan-
titative CT (pQCT).  In addition, we evaluated 
the c-axis orientation of BAp as a bone quality 
index and attempted to elucidate microstructural 
changes in the mandible using the microbeam 
X-ray diffraction technique.
Materials and Methods
　Ten female Crj : CD (SD) IGS rats were used in 
the experiments.  All animal care and experiments 
were performed in accordance with the Guidelines 
of Animal Experiments of Osaka Medical College. 
The animals were reared in our laboratory from 
the age of 3 weeks, and changes in the mandible 
were observed during bone growth.  The rats were 
given feed produced by Oriental Bio Co. Ltd. 
(Tokyo, Japan) and tap water ad libitum.  They 
were housed in plastic cages placed in a rearing 
room at a constant temperature of 22℃ and 
humidity of 60％.  Five rats were randomly selected 
and sacriﬁced at 4 weeks of age ; the remaining 5 
were euthanized at 8 weeks of age.  Immediately 
after sacriﬁce, the right mandibular bone was 
extracted, then soaked and ﬁxed in 10％ neutral 
buffered formalin solution for 1 week.  Next, the 
specimen was rinsed with distilled water and 
dehydrated. 
　The measuring sites were determined in the 
right mandibles by taking into account the direc-
tion of loading in the mandible on the basis of 
the anatomical structure ; namely, the positional 
relationship between the incisor and molar.  We 
focused on measuring sites in the mesiodistal 
direction, where loading was supported by the 
mandible, and immediately beneath the root of 
the tooth in the direction of masticatory loading. 
First, based on the difference in the anatomical 
structure, two cross-sections were selected depend-
ing on whether the molar was included in the sec-
tion.  In Section 1, the cross-section contained only 
the incisor, while Section 2 contained both the 
incisor and molar (Fig. 2).  The analyzed sites in 
the cross-sections were determined by taking into 
account the effects of occlusal force distributed in 
the mandible via the root of the tooth to the corti-
cal bone immediately beneath the molar root (Site 
2-B) and on the cortical bone on the buccal side 
distal from the molar root (Sites 1-A and  2-A) 
(Fig. 2). 
　Bone mineral density was measured in the 
mandibles in a dry condition using pQCT of an 
XCT Research SA system (Stratec Medizintechnik, 
GmbH, Pforzheim, Germany) at 50.7 kV and 0.276 
mA with a voxel resolution of 80× 80× 460 μm. 
The data for each voxel was exported in ASCII for-
mat (CSV ﬁle), which was read using Microsoft 
ExcelⒸ.  The cortical bone area was measured 
where mineral density was over a threshold value 
of 690 mg/cm3.
　For bone quality assessment, the preferred 
c-axis orientation of BAp was evaluated from the 
microbeam X-ray diffraction along the longitudi-
nal axis.  In the microbeam X-ray system, the 
results of orientation of the c-axis were expressed 
as the (002) diffraction peak, and the a-axis was 
expressed as the (310) diffraction peak.  The ori-
entation degree of the BAp c-axis was expressed 
as the diffracted intensity ratio, which was obtained 
as the ratio of the (002) diffraction intensity to the 
Fig. 2　Analyzed sites : Section 1 contains only the incisor, 
and Section 2 contains both the incisor and molar. 
The measured and analyzed sites in the cross-sec-
tions were determined by taking into account the 
effects of occlusal force distributed in the mandible 
in vivo through the root of the tooth to the cortical 
bone immediately beneath the molar root (2-B) 
and the cortical bone on the buccal side far from 
the molar root (1-A, 2-A).
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(310) diffraction intensity.  The ratio was rated as 
2 when the preferred orientation was absent and 
was rated higher when the preferential orienta-
tion of the c-axis intensiﬁed.  X-ray diffraction 
analysis was performed with a microbeam X-ray 
diffraction system (M18XHF22 SR; Mac Science, 
Japan) using Cu-Kα radiation at a tube voltage of 
90 kV and a tube current of 40 mA with an inci-
dent beam spot 50 μm in diameter.  A measuring 
time of 4,000 s was used for detection (Fig. 3). 
　The diffracted intensity in the preset axial 
direction was averaged by swinging and rotating 
the sample during measurement.  Details of the 
analysis procedures have been reported previ-
ously6.  The results obtained were statistically 
analyzed using the Student's t test.
Results
　The pQCT cross-sectional images were available 
after eliminating the region of the trabecular bone 
and teeth, leaving only cortical bone.  The cortical 
bone area was measured in the bone mineral den-
sity region over a threshold value of 690 mg/cm3. 
In this study, pQCT cross-sectional images were 
obtained.  In the pQCT cross-sectional images 
depicting only the cortical bone, the cross-sectional 
area and bone mineral density increased with 
aging, which is associated with bone growth.  This 
change showed different tendencies depending on 
the cross-section and even depending on the site 
in the same cross-section (Fig. 4).
　The pQCT measurements were quantitatively 
analyzed as shown in Figs. 5 and 6.  The cortical 
bone area tended to increase with bone growth in 
both Sections 1 and 2, independent of the presence 
of the molar.  No remarkable difference was observed 
in either Section 1 or 2 at 4 weeks of age ; however, 
a signiﬁcant difference in both Sections appeared 
Fig. 3　Optical system for the microbeam X-ray diffracto-
meter method6. PSPC: position sensitive propor-
tional counter.
Fig. 4　Peripheral quantitative computed tomography 
(pQCT) images along the mesiodistal axis in a typi-
cal mandible at 4 and 8 weeks of age: To evaluate 
the bone quantity, the sectional area of the cortical 
bone and bone mineral density were determined by 
pQCT analysis with the voxel volume set at 80×
80× 460 μm along the mesiodistal axis. Analyses 
were made using CT images of the cortical bone 
from which teeth and cancellous bone had been 
eliminated. BMD: bone mineral density.
Fig. 5　Changes in the cross-sectional area of cortical 
bone with age depending on the bone position : 
The cortical bone area tended to increase with 
bone growth in Sections 1 and 2, independent of 
the presence of the molar. No signiﬁcant difference 
in the cross-section area was found at 4 weeks of 
age, whereas a signiﬁcant difference between Sec-
tions 1 and 2 appeared at 8 weeks of age. BMD: 
bone mineral density.
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at 8 weeks of age.  These changes showed similar 
tendencies in both sections.  During the experimen-
tal period from week 4 to week 8, the areas of both 
sections showed a gradual increase in bone growth 
(p＜ 0.01).  The value for Section 2 containing the 
molar was signiﬁcantly higher than that for Sec-
tion 1 (p＜ 0.01).  Changes in cortical bone mineral 
density with bone growth showed a tendency dif-
ferent from that of cross-sectional areas.  During 
the experimental period, cross-sectional areas 
showed a gradual increase, while bone mineral 
density exhibited a rapid increase.  For bone min-
eral density, the sites of analysis were determined 
by taking into consideration the stress condition 
in vivo corresponding to the occlusal force pro-
duced through the root of the tooth.  Sites 2-A and 
2-B in the same cross-section showed a similar 
tendency in bone growth despite the effect of the 
positional relationship with the root of the tooth 
in that no signiﬁcant difference was observed 
between them (Fig. 7).
　Figure 8 shows the results of c-axis alignment of 
BAp crystals along the mesiodistal axis at each 
site.  Sites 1-A and 2-A showed a rapid increase 
with age despite having been taken from different 
cross-sections. Site 2-B showed a more gradual 
increase with age.  The degree of c-axis alignment 
along the mesiodistal axis at Site 2-B was signiﬁ-
cantly lower than that at the other sites (p＜ 0.05) 
(Fig. 8).
Fig. 6　Changes in cortical bone mineral density (BMD) 
with age during bone growth depending on bone 
position.
Fig. 7　Changes in cortical bone mineral density with age 
depending on bone position during bone growth: 
At Sites 2-A and 2-B, which were present in the 
same cross-section (Section 2), no signiﬁcant dif-
ference was found at 4 and 8 weeks. In other 
words, stress distribution in vivo caused by the 
root of the tooth showed no remarkable changes in 
bone mineral density during bone growth. On the 
other hand, Section 1 exhibited higher bone min-
eral density than Section 2.
Fig. 8　Changes with age in degree of BAp c-axis orienta-
tion at an intensity ratio of (002) / (310) depending 
on the bone position during bone growth: With re-
gard to the c-axis orientation in the mesiodistal 
direction at each site, the orientation degree of 
BAp crystals was elevated at Site A, which was 
considered to be free from the direct effects of bit-
ing stress through the root of the tooth during 
bone growth. In Section 2, the degree of orienta-
tion of BAp crystals in the mesiodistal direction 
exhibits a more gradual elevation in Site 2-B, 
where the effect of mastication is exerted directly, 
as compared with Site 2-A. Statistically, the de-
gree of BAp orientation is signiﬁcantly lower than 
that at sites 2-A and 1-A. In Site 2-B, mastication 
suppressed the increase in the degree of BAp 
c-axis orientation along the mesiodistal axis dur-
ing bone growth because the biting direction was 
mainly perpendicular to the mesiodistal axis.
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Discussion
　In the present study, we analyzed the mandible 
by assessment of the preferential degree of the 
BAp c-axis as a bone quality index, together with 
bone quantity.  We set the measuring sites by 
focusing on the changes in stress distribution 
caused by the masticatory function of the mandi-
ble.  The measured cross-sections and sites were 
selected in accordance with the difference in the 
anatomical structure based on the presence of the 
molar root. 
　In Section 1, bone mineral density was increased 
in the early stages of bone growth and was signiﬁ-
cantly higher than that of Section 2.  Section 1 
might not have been affected directly through the 
root of the tooth by mastication because of no 
molars in this section.  The anatomical structure 
was established relatively early in the growth 
process, and because there was no morphological 
change in the bone with growth of the root of the 
tooth, the morphological change in bone over time 
appeared to be small.  Since the cortical bone area 
in Section 1 was small and the loaded stress was 
high, its support function necessitates high bone 
strength per area, resulting in a higher bone min-
eral density in Section 1 than that in Section 2.
　With regard to bone mineral density, Sites 2-A 
and 2-B showed a similar tendency of change with 
bone growth, and there was no statistically signiﬁ-
cant difference between them (Fig. 7).  We con-
cluded that bone mineral density did not strongly 
reﬂect changes in localized stress distribution 
through the root of the tooth in vivo due to masti-
cation.
　However, masticatory loading did have a signiﬁ-
cant effect on the c-axis orientation of BAp. 
Unlike bone mineral density, a signiﬁcant differ-
ence was observed in c-axis orientation between 
Sites 2-A and 2-B.  These sites were under differ-
ent stress conditions due to the effect of mastica-
tion and the anatomical positional relationship 
with the root of the tooth.  We concluded that this 
might have been due to the different effects on 
bone quantity and quality in response to the 
stress conditions in vivo, such as the function of 
support in the mesiodistal direction during bone 
growth.  In Site A in both cross-sections 1 and 2, 
moreover, the c-axis orientation of BAp toward 
the mesiodistal axis became distinctly more pro-
nounced with bone growth.  This result showed a 
similar tendency with bone growth as seen in 
Sites 1-A and 2-A for bone mineral density due to 
the low effect of mastication in vivo.
　At Site 2-B, the increase in the c-axis orienta-
tion with bone growth was extremely gradual, 
showing a signiﬁcantly lower effect in comparison 
with the other sites.  This suggests the presence of 
stress distribution in a direction apparently differ-
ent from the mesiodistal direction produced dur-
ing the growth process.  It seems likely that this 
stress condition might result due to mastication 
through the root of the tooth since Site 2-B was 
located immediately beneath the molar root.  The 
BAp c-axis orientation responded sensitively to 
changes in local stress conditions in vivo. 
　In a previous study using mandibles of mon-
keys, it was observed that the preferential orien-
tation of BAp changed from the mesiodistal direc-
tion to the biting direction when a masticatory 
load was directly exerted6.  In other words, the 
BAp c-axis orientation toward the mesiodistal 
direction was reduced under mastication because 
the biting direction was perpendicular to the 
mesiodistal direction.  This suggests that the bit-
ing load suppresses to increase the preferential 
degree of BAp c-axis along the mesiodistal direc-
tion6. 
　Thus, we have documented that the bone 
responds to internal stress in vivo not only by 
increasing bone density but also by altering 
bone quality, namely, the bone microstructure, 
during the stages of bone growth.  Notably, the site 
dependency of the BAp c-axis orientation of bone 
associated with bone growth and the change in the 
conditions of mastication were more prominent 
than the changes in the bone mineral density. 
Further, on the basis of the characteristic changes 
in the c-axis orientation of BAp, we showed that 
bone quality, as represented by the arrangement 
of BAp crystals, responded more sensitively to 
localized small changes in stress distribution in 
vivo than did bone quantity, as represented by 
bone mineral density.
　Based on the present results, we conclude that 
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the relationship between bone quantity and qual-
ity can be elucidated by analyzing the changes in 
BAp c-axis orientation over time during both the 
bone maturation and bone growth stages.  It will 
be necessary to use a 3-dimensional stress-bearing 
bone structure analysis in a future study in order 
to understand the lack of orientation toward the 
mesiodistal direction in Site 2-B, which was posi-
tioned immediately under the root of the tooth.
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